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Autoptic samples of human bones (from 8 weeks of gestation to 12 years of age) and a second
group of serial, skeletal x-rays (required for pathologies not related to bone dysplasia in children
from 4 months to 17 years of age) provided the material for the analysis of the physes normal
growth mechanism presented in this review. Before the appearance of the ossiﬁcation centers
epiphyseal growth rests exclusively on chondrocytes proliferation (interstitial growth), without
any detectable diﬀerentiated cellular organization. When endochondral ossiﬁcation starts a de-
ﬁned spatial disposition of chondrocytes and a corresponding organization of the intercellular
matrix is set up, so that it is possible to identify a growth vector corresponding to the columns
of piled chondrocytes with direction from hypertrophic toward the proliferative cell layers. The
complexity of the tubular bones growth process is well represented by the spatial arrangement
of the growth vectors. In the late epiphyseal growth another mechanism is active in addition to
endochondral ossiﬁcation, namely, articular cartilage interstitial growth and subchondral remod-
elling. The knowledgeof thenormalmodeof organizationof thephysis and its temporal sequence
can help to better understand of the deviaton from the normal development of metaphyseal and
epiphyseal dysplasias.
Keywords bone growth, endochondral ossiﬁcation, epiphysis, epiphyseal dysplasia
INTRODUCTION
The classification of ostechondral dysplasias is founded on a well-established tradi-
tion of the radiographic study of the skeleton, and specific types of disorder in indi-
vidual cases are referred to in broad terms to the anatomic division of growing bones
into epiphysis, metaphysic, and diaphysis. Pathologic limitations to a single compart-
ment, however, are uncommon, and for accepted custom the defect is referred to the
component or components predominantly affected (1).
Different combinations of shape deformities, growth defects, and abnormalities of
calcification/ossificationprocesseshavecontributed to identificationof specificdisor-
ders: the spectrumhas been further broadenedwith the identification of extraskeletal
tissues and organ involvement, modality of transmission, and when possible, genetic
defect [2–4].
Even though the most recent advances in knowledge and systematization of skele-
tal dysplasias are considerable, a wide margin of uncertainty remains to be defined
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of many specific disorders presenting in individual cases of a wide variability of phe-
notipic expression. Among these epiphyso-metaphyseal dysplasias are the most ev-
ident example of a complex and diversified spectrum of cartilagineous disorders,
whose diagnostic criteria still rest on clinical and imaging assessment [5, 6], enriched
by themost recentmagnetic resonance technology [7–10].Thedefinitionof the growth
vectors onhistologic slidesdocumenting thenormal physeal development, associated
with the findings of traditional x-rays, can provide a hint to integrate imaging data in
the light of the actual knowledge of normal and pathologic shape development of the
long bones cartilage models.
MATERIALS AND METHODS
The observations presented in this review were originated from the histologic slides
made available to the senior author (UEP): a) Four autoptic cases of children between
6months and12yearswhodied fromdiseasesnot involving thephyseal structure from
the historical collection of theMorbid AnatomyDepartment of the Royal National Or-
thopaedicHospital of London (thanks to the courtesy of PDByers); of these caseswere
known sex, age, diagnosis, and the available proximal half of a long bone (humerus or
femur in all four and also a tract of the lumbar spine in two). b) Twenty-five stillborn
fetuses from 8 weeks of gestational age to term from an historical collection whose
vertebral columnswere used in 1989 to study the notochordal remnants in the human
intervertebral disk [11] (thanks to the courtesy of JR Salisbury and PD Byers); of these
fetuses was known only the length.
All the bone specimens had been fixed in formaline: most of them had been de-
calcified in ethylenediaminetetraacetic acid or in a formic acid solution, embedded in
paraffin and stainedwithH&E. Few of themwere embedded undecalcified inmethyl-
metacrylate resin, and the sections cut with a motorized heavy microtome had been
stainedwith solochrome or with the Von Kossamethod and counterstainedwith neu-
tral red.
The x-rays documentation of the physes normal development were obtained from
subjects different from those of the histology: from the files of the Pediatric Radiol-
ogy Department, University of Brescia. Ten children between the ages of 4 months to
17 years were selected who had serial x-ray controls performed once a year for at least
5 years because of pathologies not related to bone dysplasia.These x-rays included an
antero-posterior projection of the pelvis and/or lower limbs. The histology and x-ray
imaging were used to illustrate the review.
OBSERVATIONS
Prenatal and early childhood bone growth
The ossification centers development inside the cartilage model of long bones has
been extensively investigated in animal experimentalmodels [12–17] and these obser-
vations canbeextrapolated to thegrowthanddevelopmentofhumanbones.However,
a systemic and controlled analysis of the latter is not possible for obvious ethical rea-
sons; therefore, only adiscontinuousdocumentationof thenormal bonegrowth could
be collected.
In the early gestational age the first ossification centers in long bones cartilage
model appear at level of the diaphysis when the physes were still completely formed
by cartilage, but already conforming to the final shape of the proximal or distal end of
the bone. Chondrocytes of physes are small and evenly distributed inside the matrix;
their proliferation and thematrix synthesis accounts for the size increments during all
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Review of Long Bones Growth Process 
the pre-ossification phases (either ante- or post-natal), but without any appreciable
change of shape. This type of growth (interstitial) is evenly distributed in the context
of the physis and does not imply a differentiated cellular organization. It escapes x-
ray observation but can be ascertained by echograms or MR. Epiphyseal ossification
of the major long bones of upper and lower limbs follows a temporal sequence [18,
19] characterized by a series of transformations at the cellular level, which do not dif-
fer from those of the diaphyseal ossification center and are known as “endochondral
ossification.”They include:
1. proliferation, enlargement, and lining up of chondrocytes
2. hypertrophy of chondrocytes
3. CaPO4 deposition on the matrix interposed between hypertrophic chondrocytes
4. apoptosis of hypertrophic chondrocytes and vessels penetration between calcified
cartilage septa
5. differentiation of osteoblasts and deposition of bone matrix on the calcified carti-
lage matrix (primary bone trabeculae)
6. remodeling of trabeculae fromprimary to secondary (in other words, only lamellar
without a core of calcified cartilage).
Thediaphyseal ossification center early in the fetal development is remodelled pro-
gressively and substituted by the periosteal lamellar bone. The whole physis is carti-
lagineous with a differentation toward the diaphysis corresponding to the metaphy-
seal growth plate. Its shape does not correspond to the external shape of the epiph-
ysis. The typical cellular organization of the endochondral ossification and the chon-
drocytes columns are oriented parallel to the bonemajor axis at the top of the ossified
diaphysis and below the epiphysis (still completely cartilagineous).
The epiphyseal ossification centers appear later and show the same chondrocytes
maturative pattern as in the metaphyseal growth plate cartilage. However, here the
three-dimensional architecture is spherical rather thanbi-planar.This spatial arrange-
ment is not usually appreciated in histologic slides because only a few of the chon-
drocyte columns lay in the plane of the section and the oblique planes of the other
columns give the false impression of a disorderly arranged ossification with a vague
resemblance to that of the metaphyseal growth plate (Figures 1a–1c). From these his-
tologic images, it was deduced that in the epiphyseal ossification center the layer of
growing cartilage extended on the whole surface of a ball and that its shape did not
correspond to the external shape of the epiphysis.
The endochondral ossification of the epiphysis was also surveyed by sequential
x-rays and in the early phases of its development presented remarkably similar fea-
tures in all epiphyses. It was placed in the center of the epiphysis (or eccentric if more
ossification centers pertained to that epiphysis development) and had a rounded or
slightly oval shape.
From the time of appearance of the ossification center, the physeal growth is gov-
erned by the interstitial chondrocytes proliferation and by the endochondral ossifi-
cation advancement from the center to the periphery [20–23]. The progressive occu-
pation of the epiphyseal volume by the ossification center (Figures 2a–2d) showed
that the rate of advancement of the endochondral ossification is faster than expansion
driven by the cartilage interstitial growth.
As illustrated by our histology andwell documented in literature [24, 25], the endo-
chondral growth is sustained by awell defined geometrical asset of chondrocytes.The
active site of dimensional growth is located in the germinative cells layer and the pro-
cess could be represented by a vector parallel to the cartilage columns and directed
Copyright C© Informa Healthcare USA, Inc.
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FIGURE1 (A) (Solochrome, 1,5×) Normal aspect of the humeral proximal physis at age 6months
showing the first appearence of the primary epiphyseal ossification center (box C) and the meta-
physeal growth plate cartilage (box B). (B) (Solochrome, 100×) Detail of the metaphyseal growth
plate showing the columnsof chondrocytes and theprimarymethaphyseal trabeculae of the growth
plate, parallelely oriented to the bone major axis (biplanar asset). (C) (Solochrome, 40×) Detail of
the epiphyseal ossification center showing the spatial organization of chondrocytes and primary
trabeculae of the epiphyseal ossification center: they reproduce the same chondrocytesmaturative
pattern but the geometrical-asset is multiplanar. (box C).
from the hypertrophic toward the germinative cells layer (Figure 3). Considering a
whole long bone, the three-dimensional distribution of these vectors could be rep-
resented schematically as shown in the figure: it is evident that along the longitudinal
axis, the vectors of the metaphyseal growth plate cartilage and those of the epiphy-
seal ossification center on the same line have opposite directions, like if the apiphysis
would be pushed up and the diaphysis pushed down. In terms of the growthmechan-
ics of the whole system, the middle compartment (diaphysis) is the stable point, and
expansion of the cartilages (longitudinal growth) occurs at the extremities because the
vectors of the distal physis are inverted in respect to the proximal.
Late childhood and youth bone growth
In the structured bone epiphysis, the peripheral expansion of the ossification center
(Figure 4) ceases when the proliferative cells layer chondrocytes have reached the
perichondrium (now periosteum) or, on the joint front, the level corresponding to
the subchondral bone [26]. The end of this phase of growth is characterized on x-rays
by a shape of the epiphysis which conforms to that of the mature bone epiphysis
(Figure 5). The figure documents the growth and shape modulation of the proximal,
femoral epiphysis; however, a similar evolution (but at different ages) can be observed
FIGURE 2 (H&E, 40×) The development of the ossification center of the human vertebral body
in pre-term spine (A): age 8 weeks, showing hypertrophy of chondrocytes and calcification of the
interposed cartilage septa. (B) Age 12 weeks showing primary trabeculae organization with a well-
defined spatial arrangement. (C) Age 26 weeks showing the further expansion of the ossifica-
tion center with its trabecular architecture: most trabeculae still show the cartilage core. (D) Age
26 weeks (100×), showing the typical endochondral ossification pattern not different from that of
the long bones metaphyseal growth plate cartilage.
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FIGURE3 Growth vector definition and its variable orientation in the growth of proximal and dis-
tal metaphyseal growth plates and in the epiphyseal ossification centers of long bones.
in the other, large epiphyses of lower limbs bones. From this point onward, the only
structure with a typical maturative and columnar pattern of chondrocytes is the
metaphyseal growth plate cartilage. Further size increments and shape moulding of
the epiphyses are observed in both longitudinal and latitudinal directions (Figure 6).
However, this growth is governed by other mechanisms: the interstitial chondrocytes
proliferation at the level of the articular cartilage and the apposition/resorption
modeling at the level of the subchondral bone (Figure 7).
The circumpherential enlargement of the diaphysis is implemented by the perios-
teumwith the sequential apposition of lamellar bone layers (Figure 8).
FIGURE 4 Mechanism of growth of the femur proximal epiphysis approximatively from age 5
years (change of shape of the ossification center from spherical to frustum of sphere): (A) H&E,
1,5×) coronal section of the femur proximal physis at 5 years, when the peripheral layer of cartilage
(bar 1) is still thicker than the metaphyseal growth plate (bar 2). Detail of (B) at 200× showing the
remodelling of the subchondral bone carried out by osteoclasts (arrows) and absence of the colum-
nar pattern of chondrocytes.
Copyright C© Informa Healthcare USA, Inc.
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FIGURE5 Radiographic aspects of the expansion of the proximal femur ossification center, which
maintains the spherical shape from age 8 months to 4 years: (A) age 4 months; (B) age 8 months;
(C) age 1 year; (D) age 4 years.
DISCUSSION
In normal bone development, it is possible to observe different modes of cells aggre-
gation inside the cartilagemodel, which appears to determine the size increments and
the shapemodulation of the growing bone.
Before ossification starts, the cartilage model increases its size through chondro-
cyte proliferation and pericellular matrix synthesis; this type of growth is known as
“interstitial” [27]: if the density of the cells remain evenly distributed, the shape of the
model cannot change but only its volume increases: on the contrary, a differentiated
topography of chondrocytes proliferation canmodulate shape variations.This simple
pattern of growth is present in the earlier phases of development whenmesenchymal
condensation in the limb buds of 14-day-old embryos forms the cartilage anlage of
the appendicular skeleton long bones [15]. However, this interstitial growth, even if at
a slower rate, remains active for the whole growth period as documented by the ar-
ticular cartilage expansion when the epiphysis presents with its definitive shape, but
further size increment is going on.
FIGURE 6 Radiographic aspect of the shape changes of the proximal femur ossification center in
later growth: the shape is conformed to a frustum of sphere from age 7 years to 15 years: (A) age
7 years; (B) age 13 years; (C) age 15 years.
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FIGURE 7 Pattern of the proximal femur epiphysis growth in late adolescence: the articular carti-
lage interstitial growth and the subchondral bone remodelling must cope with the enlargement of
the head site.
FIGURE 8 (H&E, 100×) Lamellae apposed to the periphery of the diaphysis by the periosteum
and haversian remodelling progressing from the inside of the cortex illustrating the mechanism of
circumpherential enlargement of this bone compartment.
Copyright C© Informa Healthcare USA, Inc.
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FIGURE9 Skeme representing the differentmechanisms of bone growth from the earlier cartilage
model to the definitive shape.
The other growth controlling mechanism is always characterized by the same two
elemental phenomena—cell duplication and matrix production—but ordered in a
more complex plan where other changes in the matrix intervene, like CaPO4 depo-
sition, neoangiogenesis, and activation of other cellular types like osteoblasts and os-
teoclasts.Moreover, all these phenomena appear strictly oriented along a direction, in
such a way that growth can be represented by a vector.
The volume increase of chondrocyte (hypertrophy), which characterizes the ossi-
fication center of the epiphysis and the ordered, columnar arrangement of the same
cells in the metaphyseal growth plate, has been for a long time recognized as the fun-
damental structural organization controlling the bone longitudinal growth [23, 28, 29,
30]. Less attention has been paid to the epiphyseal ossification, which starts later with
a spherical center and presents with the same pattern of chondrocytes piling, but with
a three-dimensional asset. Its role is controversial: it has been suggested that the con-
tribution to growth of the epiphyseal ossification center is limited to the peripheral
expansion [31, 32]. However, the architecture and analysis of the growth vectors, doc-
umented here, support the hypothesis that the epiphyseal ossification takes part in
somephasesof thebonedevelopment to the general length incrementwith two fronts:
one facing themetaphyseal growth plate butwith the growth vector in the opposite di-
rection, the other facing the joint surface with the vector in the same direction as that
of the growth plate.
In a later phase of the bone development, the osteoblasts apposition and the sub-
chondralmodelling associatedwith interstitial growth of the articular cartilage are the
only cellular mechanisms responsible for the size increments of the epiphysis, as well
as the periosteal apposition controls the outer diaphyseal enlargement (Figure 9).
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It is possible to establish, with a rough degree of accuracy, a correlation between
these patterns of organization at a histologic level and the radiographic aspects doc-
umented by x-rays during the time interval of single bones development. While the
diaphyseal ossification process takes place at a gestational age when x-rays examina-
tion is not applicable, the epiphyseal ossification does it, because it starts in the last
prenatal stage and later after delivery. The first opacities in the middle of the carti-
lagineous epiphysis correspond to the calcium salt deposition on the cartilage matrix
between hypertrophic chondrocytes. When the same becomes enlarged and assumes
a rounded contour, it corresponds to the formation of the first, structured center with
primary and secondary bone trabeculae.
It has been possible to compile a sufficiently accurate x-ray atlas with the time of
appearance of the epiphyseal nuclei of wrist and hand [18] or of the other ossification
centers distributed in the skeleton [19] and on these is founded the ascertainment of
the skeletal age. Its limit of accuracy depends on the sequence and regularity of the
cellular processes which have been illustrated earlier and on the range of variation of
the normal development.
The x-rays imaging of the epiphyseal ossificationwas found to be also a rough index
of the developmental phase when the maturative pattern of chondrocytes and their
columnar arrangement disappear.The end of this phase can be approximately identi-
fied on bone x-rays when the epiphyseal ossification center looses its spherical shape
and becomes more conformed to the final shape of the bony epiphysis.
In the lower limbmain bone epiphyses, the loss of the columnar arrangement and
thematurative pattern of chondrocytes of the epiphyseal ossification center occurred
between 4 and 7 years of age and was particularly evident on the flattened front of
the ossification center facing the metaphyseal growth plate cartilage. The age of dis-
appearance of the cartilage cells asset in serial columns of the epiphyseal ossification
center showed a remarkable variability, which has been observed to depend upon
the individual bone considered and the sex and the racial differences of the bone
development [19].
The histologic and serial x-ray study of the epiphyseal growth in the interval be-
tween the ages of 8 and 10 years and the skeletal maturity gave evidence of a further
longitudinal and latitudinal increase of epiphyseal diameters, which cannot be ex-
plained by endochondral ossification. The recognized proliferative activity of cells at
the level of the perichondrial groove of Ranvier [33] supports the latitudinal expansion
of themetaphyseal growth plate, but do not explain the contemporary enlargement of
the dome of the epiphyses, which are now completely ossified.Themechanism of the
epiphyses growth in this phase is driven by the subchondral remodelling and intersti-
tal growth of the articular cartilage.
Osteochondral dysplasias present with varying disturbances of cartilage growth
and organization, most often in defect but also, even if less frequently, with over-
or/and asymmetrical growth of individual physes [3, 4, 34–36]. They should be bet-
ter refereed to the phases of the physeal growth and development rather than to the
simple anatomic distinction between epiphysis andmetaphysis.
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